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(57) Abstract 

There is provided a method and apparatus for monitoring AC circuits, particularly for monitoring the condition of high voltage circuit 
breakers. High voltages are measured by connecting an external capacitor (17) between the secondary winding (13) of a current transformer 
(11) and ground (16), across the removable link (20). This connection, with the link (20) removed, produces a capacitor voltage divider 
(10) in which the high voltage element of the divider is the stray capacitance (14). The low voltage element of the divider is the external 
capacitor (17). The voltage on the load and supply side of a circuit breaker is measured using capacitor voltage dividers (10) and the 
voltage signals are fed to separate inputs on a multi-channel wave-form recording device. 
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METHOD AND APPARATUS FOR MONITORING AC CIRCUITS 

This invention relates to methods and apparatus for monitoring AC 
circuits. 

5 This invention has particular but not exclusive application to methods and 

apparatus for monitoring the condition of high voltage circuit breakers and for 
illustrative purposes reference will be made to such application. However, it is 
to be understood that this invention could be used in other applications, such as 
monitoring and analysis of other electrical switches and contacts, and other 

1 0 circuit elements and conditions. 

Substation switchgear may typically include assemblies of three-phase 
busbars and circuit breakers, current transformers, voltage transformers and 
associated instrumentation. All equipment is generally contained within metal 
enclosures. Typically equipment of this type is found in substations of power 

15 utilities which have operating voltages in the range 11 kV to 33 kV. Three- 
phase circuits connect the busbars of the switchgear to the low voltage side of 
the step-down transformer. Loads are connected to the busbar by other 
circuits. All outgoing and incoming circuits to the switchgear are usually 
controlled by a circuit breaker which is part of the switchgear assembly. Circuit 

20 breakers may be operated intentionally to switch circuits on and off or may 
operate automatically to disconnect faults in the electricity network. 

Maintenance on circuit breakers has traditionally been carried out at fixed 
intervals by opening the circuit breaker, racking it out to isolate it from the 
electricity supply and giving the circuit breaker a complete overhaul. With oil 

25 filled circuit breakers the overhaul involves the removal of the old oil, operation 
of the mechanism - automatically and manually, inspection and, if necessary, 
replacement of the contacts and refilling with clean oil. 
In order to give maintenance crews more information on the condition of circuit 
breakers a number of diagnostic methods are available. One method is to fit an 

30 electrical displacement transducer to the mechanism that will measure 
displacement of important parts of the mechanism. Displacement is measured 
during opening and closing of the circuit breaker and resulting traces are 
compared with traces form pervious circuit breaker operations, Differences in 
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the traces indicate changes in the operating time of the circuit breaker 
mechanism. 

Another method is to pass high direct current through the de-energised 
and isolated circuit breaker and to measure the voltage across the circuit 
5 breaker as it is opened and closed. The voltage signal measured in this way 
gives time from trip pulse to contact separation and duration of contact arcing. 
Instruments that facilitate this measurement are available commercially. 

Vibration analysis has been used to record noises emitted by the circuit 
breaker contacts and mechanism during opening and closing. Proponents of 
10 this method claim that information about contact timing can be obtained from 
analysis of the vibration signatures. However, uncertainty in interpretation of 
results from this technique appears to have restricted its use- 
All currently available techniques in widespread use for monitoring the 
condition of circuit breakers require that circuit breakers be removed from 
1 5 service prior to diagnostic testing . 

There is also pressure on electricity utilities to reduce all costs, including 
maintenance. Therefore, there is a greater need for simple, inexpensive, non- 
invasive techniques that will enable the condition of circuit breakers to be 
checked on line. Such a procedure would enable savings to be made by 
20 increasing times between overhauls and by identifying potential failures before 
they occur. 

The present invention aims to alleviate at least one of the foregoing 
disadvantages and to provide methods and apparatus for monitoring AC circuits 
which will be reliable and efficient in use. 
25 With the foregoing in view, this invention in one aspect resides broadly in 

a method of monitoring an AC circuit including the steps of: 

providing a current transformer driven by a conductor of said AC circuit; 

determining a capacitance between a component of said current 
transformer and said conductor; 
30 utilizing said capacitance as the high voltage limb of capacitor voltage 

divider, the low voltage limb including a reference capacitance between the 
secondary winding of said current transformer and a reference potential, and 

monitoring said circuit across said reference capacitance. 
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In a further aspect this invention resides broadly in apparatus for 
monitoring an AC circuit and including: 

a current transformer driven by a conductor of said AC circuit and having 
a capacitance between a component of said current transformer and said 
5 conductor; 

a reference capacitance between the secondary winding of said current 
transformer and a reference potential, and 

signal output terminals across said reference capacitance. 

The current transformer may be purpose built or selected from the 

1 0 measurement class transformers and protection transformers currently in use in 
substation switchgear for the purposes of primary current measurement and 
fault control respectively. Preferably, the current transformer is of the 
measurement class to avoid interference with the fault control primary purpose 
of a protection transformer. Further, during high fault currents the output 

15 voltage of the fault current transformers may be several tens of volts. This 
signal will interfere with the voltage produced by the capacitor voltage 
transformer formed utilising the current transformer. Measurement current 
transformers, however, are designed so that magnetic saturation limits the 
output voltage to no more than a few volts. 

20 The determined capacitance between a component of the current transformer 
and the conductor may be any capacitance capable of functioning as the high 
voltage side of a voltage divider. For example, in the case of unshielded 
current transformers of the conventional substation type, the stray capacitance 
between the secondary winding of said current transformer and the conductor 

25 may be utilized. In most installations, this capacitance is typically in the region 
oflnF. 

In the case of shielded transformers, these generally comprise a grounded 
electrostatic shield disposed between the secondary winding and the conductor. 
In this case the capacitance may be that determined between the grounded 
30 electrostatic shield and said conductor, conveniently accessed by tapping in to 
the grounding wire of the shield. 

The reference potential may be any selected potential consistent with the 
purpose of providing meaningful output across the reference capacitance. 
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Preferably, the reference potential is ground. In the case of conventional 
current transformers, these generally have a secondary tap to ground. 
Accordingly, the reference capacitor may simply be a capacitor interposed in 
this ground link. 

5 Preferably, in the case of transformers having a further purpose such as current 
measurement in the secondary winding, the reference capacitance may be 
shortable by a removable link, the installation of which restores the transformer 
to its current measuring function. The external nature of this ground link 
provides an additional advantage of making the reference capacitor external, 

10 thus simplifying data acquisition. 

In the case of apparatus utilizing the stray capacitance between the 
primary conductor and the secondary winding as the high voltage limb of the 
voltage divider, the reference capacitance may be in the region of 0.1 nF, giving 
a voltage divider value of 100:1. Higher ratios are obtained by choosing higher 

15 values for the reference capacitance. Capacitor voltage dividers in accordance 
with the foregoing have been found to have a constant attenuation at 
frequencies of up to 1 megahertz. 

Measurement of the voltage across the reference capacitor in real time 
provides a faithful reflection of voltage performance of the primary circuit 

20 including transient phenomena such as switching, and environmental matters 
such as insulation performance of metal clad switchgear. Accordingly, it is 
preferred that the monitoring aspect of the present invention be monitoring of 
the voltage characteristics in real time across the reference capacitor. Since 
the transient periods of change in the circuit are short term phenomena, it is 

25 preferred that the monitoring function be accompanied by a recording function 
for analysis against the known parameters of the circuit elements such as circuit 
breakers. 

In the case of circuit breaker performance, useful data may be obtained 
from both the supply and load sides of the breaker. Accordingly, in a further 
30 aspect this invention in one aspect resides broadly in a method of monitoring a 
circuit breaker including: 

providing the load and supply sides of said circuit breaker with monitoring 
apparatus each including a current transformer driven by respective load and 
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supply conductors, each having a capacitance between a component of said 
current transformer and respective said conductors, said capacitance forming 
the high voltage limb of capacitor voltage divider, the low voltage limb including 
a reference capacitance between the secondary winding of said current 
5 transformer and a reference potential, and 

monitoring said circuit breaker across both said reference capacitances. 
Either current transformer may be integral part of the switchgear or if 
necessary, may be suitably introduced into the switchgear. 

When current transformers have an electrostatic shield between their 

10 secondary windings and the high voltage primary it is not possible to use the 
secondary winding as a voltage divider. In this case the capacitance between 
the screen and the high voltage primary of the current transformer can be used 
as the high voltage limb of a voltage divider provided the ground connection of 
the sheath is grounded through an accessible link. 

15 The monitoring means may measure across one or more phases 

switched by the circuit breaker. The voltage may be measured during any 
period of operation. However, it is preferred that the voltage characteristics at 
the reference capacitor are measured during the opening and closing 
operations in a power system. The monitoring means may include recording 

20 apparatus. 

The recording apparatus may be any suitable instrument that is able to 
record waveforms such as voltage and current. For example, the recording 
apparatus may be selected from a digital oscilloscope or a PC-based transient 
recording systems. The recording apparatus may be multi-channel so that the 
25 different type of signals may be fed to separate channels. For example, the 
voltage signals from the first and second external capacitors may be fed to 
separate inputs. 

Other signals may also be fed to the recording apparatus for analysis. 
For example, signals derived from the trip and close signals to the said circuit 
30 breaker and signals derived from the secondary winding of at least one of the 
current transformers may be fed to the recording apparatus. A Rogowski-coil- 
based current measuring device may be used to read the signals from the 
secondary winding of a current transformer. The current transformer may be 
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the current transformer of circuit monitoring apparatus as hereinbefore 
described. 

The recording apparatus may be triggered by a trip or a close signal to 
the circuit breaker, whereby the voltage and current waveforms associated with 
5 any opening or closing operation can be recorded. 

Analysis of the recorded waveforms allows the inference of many 
characteristics about the condition of the circuit breaker. It is to be appreciated 
that a person skilled in the art will be able to infer characteristics about the 
condition of the circuit breaker from the recorded information, by comparison 

10 with the corresponding as-manufactured parameters. 

Waveforms across circuit breakers are commonly measured in test 
stations during circuit breaker type tests and it is accepted practice for experts 
to use these waveforms to infer may characteristics about the condition of the 
circuit breakers. Examples of circuit breaker parameters which may be 

15 determined in accordance with the methods of the present invention include the 
time from application of a breaker trip signal to main contact separation, total 
arcing time on separation of the main contacts, dielectric performance such as 
the envelope of values of repeated breakdown voltage as a function of time 
after final 50Hz current interruption, time to current flow from close signal, time 

20 to initial contact on close signal, and the integrated total arc energy during 
opening and closing. 

It has also been determined that the output of monitoring apparatus in 
accordance with the present invention may be useful in determining the 
insulative performance of metal clad substation switchgear and other like 

25 apparatus. Such apparatus is generally maintained with the metal housing 
insulated from ground at all points except a designated ground link, and the 
apparatus is protected by frame leakage protection. Repeated transient high 
frequency waveforms superimposed on the 50 Hz phase voltage waveform and 
detected using the monitoring apparatus in accordance with the present 

30 invention may be indicative of partial discharges across the insulation of the 
apparatus, and thus be indicative of insulative breakdown prior to a ground 
leakage fault. Whether or not such high frequency transients are in fact due to 
partial discharge may be determined by correlation with a signal derived from 
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the ground linkage, which is the path taken by all inductive and conductive 
transients in the metal housing. 

Accordingly, in a further aspect, this invention resides broadly in a 
method of determining the condition of the insulation of metal clad switchgear 
5 including: 

identifying high frequency transient voltage waveforms superimposed on 
the supply voltage waveform, and 

determining any correlation between said transient voltage waveforms 
and transient high frequency currents measured in the ground connection of the 

10 metal cladding. 

The identification of high frequency transient voltage waveforms 
superimposed on the supply voltage waveform is preferably achieved by 
analysis of the output of monitoring apparatus including a current transformer 
driven by a conductor, the switchgear having a capacitance between a 

15 component of the current transformer and the conductor which is utilized as the 
high voltage limb of capacitor voltage divider, the low voltage limb including a 
reference capacitance between the secondary winding of the current 
transformer and a reference potential, the output being the voltage waveform 
across the reference capacitance. 

20 The transient current may be measured with any suitable device. 

Preferably, the currents are measured using a Rogowski coil. It is also 
preferred the current transformer is a measurement class transformer, rather 
than a protection transformer. 

The presence of simultaneous voltage and current signals gives an 

25 indication that discharges are occurring inside the switchgear. The magnitude 
of the voltage disturbances gives an indication of the severity of the insulation 
problem. 

In order that this invention may be more readily understood and put into 
practical effect, reference will now be made to the accompanying drawings 
30 which illustrate a preferred embodiment of the invention and wherein FIG. 1 
illustrates apparatus in accordance with the present invention. 

A capacitor voltage divider 10, as illustrated in FIG 1, is integrally formed 
with a current transformer 11 which in this embodiment drives an ammeter 15. 
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The current transformer 1 1 comprises a bar primary 12 about which is located 
an annular secondary winding assembly 13 in series with the ammeter 15. A 
stray capacitance represented as a circuit element at 14 exists between the bar 
primary 12 and the secondary winding 13. Typically, the stray capacitance 14 is 
5 about 1nF. 

The secondary winding 13 of current transformers are usually connected 
to ground 16 at one point. In the present embodiment however the connection 
to ground is interrupted by a removable link 20. Typically, the voltage output of 
the secondary winding of a current transformer 1 1 would, with primary load 

10 currents equal or less than the normal load current of the circuit breaker, be not 
more than a few volts. 

High voltages in the power system are measured by connecting an 
external capacitor 17 between the secondary winding 13 of the current 
transformer 11 and ground 16, across the removable link 20. This connection, 

15 with the link 20 removed, produces a capacitor voltage divider 10 in which the 
high voltage element of the divider is the stray capacitance 14. The low voltage 
element of the divider is the external capacitor 17 which in the present 
embodiment is chosen to have a value of about 0.1 mF f giving a voltage divider 
ratio of about 100:1. The capacitor voltage divider 10 so produced has a 

20 constant attenuation at frequencies of up to 1 megahertz. The output signal is 
fed into an analysing instrument of choice such as an oscilloscope or PC at 
terminals 21. The apparatus is protected by surge protector 22. 

This embodiment comprises a new technique for assessing the condition 
of high voltage circuit breakers in service. The basis of the method involves 

25 measurement of the voltage across one or all three poles of the circuit breaker 
during opening or closing operations in the power system. The voltage on 
either side of the circuit breaker is measured using voltage divider current 
transformers that are usually an integral part of the switchgear. 

The voltage measured across the external capacitor 17 gives a direct 

30 measure of the voltage from the high voltage conductor to ground. Two current- 
transformer voltage dividers 10 of the type shown in Figure 1 are used to 
measure the voltage across a circuit breaker. One current transformer is 
chosen to be on the load side of the circuit breaker and the other transformer is 
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chosen to remain connected to the supply when the circuit breaker under 
investigation operates. Voltage signals from both voltage dividers are fed to 
separate inputs on a multi-channel, waveform-recording device such as a digital 
oscilloscope or PC-based transient recording system. Signals derived from the 
5 trip and close signals to the circuit breaker under investigation are also fed to 
separate channels of the waveform recorder, as is a signal which is derived 
form the secondary winding of one of the current transformers, using a standard 
clip-on Rogowski-coil-based current measuring device. The waveform- 
recording instrument may be triggered either by a trip or a close signal to the 
10 circuit breaker under investigation and the transient voltage and current 
waveforms associated with any opening or closing operation recorded. 

The present method is simpler and gives more information than any 
previously available diagnostic method. It enables timing measurements to be 
obtained with actual current flowing in the circuit breaker which is important as 
15 electromagnetic forces produced by the current in the circuit breaker may affect 
the operating time of the circuit breaker. 

Programming of the PC-based data acquisition system enables the 
above characteristics to be extracted automatically from the measured 
waveforms. The measuring systems may be installed at substations of 
20 particular interest or where there is unusually high numbers of circuit breaker 
operations due to storms or other activity. In these cases the method makes 
use of normal switching operations and does not need special operations of 
circuit breakers to provide data. 

Characteristics obtained by the method may be compared with 
25 characteristics measured by the manufacturer during type tests or with results 
of previous tests by this method to ascertain trends in circuit breaker 
performance. 

The method may be used to: 
1 Give an indication of deterioration of circuit breaker condition and to flag 
30 when maintenance is needed. This gives savings in allowing utilities to 

use condition-based maintenance practices rather than have to rely on 
traditional periodic maintenance. 
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2 Give an indication when the circuit breaker has reached the end of its 
technical and economic lifetime. Economic end of life occurs when 
expenditure on condition-based maintenance becomes excessive. 
5 Technical end of life may be demonstrated by comparing characteristics 

of circuit breakers measured by this method with similar characteristics 
measured during type tests. 



In addition to providing information on circuit breaker condition the 
1 0 measurement method may also be utilised to give an indication of condition of 
the insulating systems in metal clad switchgear. 

It will of course be realised that while the foregoing has been given by 
way of illustrative example of this invention, all such and other modifications and 
variations thereto as would be apparent to persons skilled in the art are deemed 
15 to fall within the broad scope and ambit of this invention as is herein set forth. 
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CLAIMS 

1 . A method of monitoring an AC circuit including the steps of: 
providing a current transformer driven by a conductor of said AC circuit; 
determining a capacitance between a component of said current 

5 transformer and said conductor; 

utilizing said capacitance as the high voltage limb of capacitor voltage 
divider, the tow voltage limb including a reference capacitance between the 
secondary winding of said current transformer and a reference potential, and 

monitoring said circuit across said reference capacitance. 

10 

2. Apparatus for monitoring an AC circuit and including: 

a current transformer adapted to be driven by a conductor of said AC 
circuit, whereby a capacitance is induced between a component of said current 
transformer and said conductor; 
15 a reference capacitance between the secondary winding of said current 

transformer and a reference potential, and 

signal output terminals across said reference capacitance. 

3. Apparatus according to Claim 2, wherein the current transformer is 
20 selected from a measurement class transformer or a protection transformer in 

use in said AC circuit. 

4. Apparatus according to any one of Claims 2 or 3, wherein the 
capacitance between said component of the current transformer and said 

25 conductor is used as the high voltage side of a voltage divider. 

5. Apparatus according to Claim 4, wherein for unshielded current 
transformers the determined capacitance is the stray capacitance between the 
secondary winding of the current transformer and the conductor. 

30 

6. Apparatus according to any one of Claims 2 to 5, wherein the reference 
potential is ground. 
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7 Apparatus according to Claim 6, wherein the reference capacitor is a 
capacitor interposed in the ground link. 

8. Apparatus according to Claim 7, wherein the reference capacitance is 
5 shortable by a removable link. 

9. Apparatus according to any one of Claims 5 to 8, wherein the reference 
capacitance is in the region of 0. 1(iF. 

10 10. Apparatus according to Claim 4, wherein for shielded transformers, the 
capacitance is determined between the grounded electrostatic shield and the 
conductor. 

11. A method accordingly to Claim 1 , wherein said monitoring of the circuit is 
15 by monitoring means adapted to monitor the circuit in real time. 

12. A method according to Claim 11, wherein the monitoring function is 
accompanied by a recording function for analysis against the known parameters 
of the circuit elements. 

20 

13. A method according to Claim 12, wherein the circuit element is a circuit 
breaker. 

14. A method according to Claim 13, wherein data is obtained from both the 
25 supply and load sides of the breaker. 

15. A method of monitoring a circuit breaker including: 

providing the load and supply sides of said circuit breaker with monitoring 
apparatus each including a current transformer driven by respective load and 
30 supply conductors, each having a capacitance between a component of said 
current transformer and respective said conductors, each said capacitance 
forming the high voltage limb of capacitor voltage divider, the low voltage limb 



WO 99/42845 



PCT/AU99/00096 



13 

including a reference capacitance between the secondary winding of said 
current transformer and a reference potential, and 

monitoring said circuit breaker across both said reference capacitances. 

5 16. A method according to Claim 1 5, wherein either current transformer is an 
integral part of the switchgear or is introduced into the switchgear. 

17. A method according to any one of Claims 15 or16, wherein for shielded 
transformers, said capacitance is that induced between the screen and the high 

10 voltage primary of the current transformer, and wherein said capacitance forms 
the high voltage limb of a voltage divider. 

18. A method according to any one of Claims 15 to 17, wherein monitoring 
means performing said monitoring measures across one or more phases 

1 5 switched by the circuit breaker. 

19. A method according to any one of Claims 15 to 18, wherein the voltage 
characteristics at the reference capacitors are measured during the opening 
and closing operations in a power system. 

20 

20. A method according to any one of Claims 1 and 11 to 19, wherein said 
monitoring is by recording apparatus selected from a digital oscilloscope or a 
PC-based transient recording system. 

25 21. A method according to Claim 20, wherein said AC circuit includes a 
circuit breaker and wherein signals derived from the trip and close signals to the 
circuit breaker and signals derived from the secondary winding of at least one of 
the current transformers are fed to the recording apparatus. 

30 22. A method according to Claim 21, wherein a Rogowski-coil-based current 
measuring device reads the signals from the secondary winding. 
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23. A method according to Claim 21, wherein the recording apparatus is 
triggered by a trip or a close signal to the circuit breaker, whereby the voltage 
and current waveforms associated with any opening or closing operation are 
recorded. 

5 

24. A method of determining the condition of the insulation of metal clad 
switchgear including: 

identifying high frequency transient voltage waveforms superimposed on 
the supply voltage waveform, and 
10 determining any correlation between said transient voltage waveforms 

and transient high frequency currents measured in the ground connection of the 
metal cladding. 

25. A method according to Claim 24, wherein the identification of high 
15 frequency transient voltage waveforms superimposed on the supply voltage 

waveform is achieved by analysis of the output of monitoring apparatus 
including 

a current transformer driven by a conductor of said metal clad 
switchgear, whereby a capacitance is induced between a component of said 
20 current transformer and said conductor which is utilized as the high voltage limb 
of a capacitor voltage divider, and a low voltage limb of said capacitor voltage 
divider comprising a reference capacitance between the secondary winding of 
the current transformer and a reference potential, wherein the output is the 
voltage waveform across the reference capacitance. 

25 

26. A method according to any one of Claims 24 or 25, wherein the transient 
current is measured using a Rogowski coil. 

27. A method according to any one of Claims 24 to 26, wherein the current 
30 transformer is a measurement class transformer. 
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FIG. 1 
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